This paper describes the response of a precipitate microstructure to various types of non-isothermal temperature changes, namely reversion, ramp heating and thermal cycles, met in heat-affected zones (HAZs) of arc-welds, in an Al-Zn-Mg alloy in the T6 and T7 states. During these thermal histories, the precipitate size and volume fraction are quantitatively measured by small-angle X-ray scattering (SAXS). Reversion experiments are characterised by a fast dissolution stage at almost constant average precipitate size, followed by a coarsening stage that affects the surviving precipitates. Ramp heating experiments show a dissolution behaviour, which is temporarily interrupted for low heating rates, either due to phase transition when the initial precipitates are of a metastable nature (the case of T6 initial state), or due to a dynamic competition between the average and critical radii during the temperature increase (the case of the T7 material). The HAZ of arc-welds is characterised by a gradual increase of the dissolved precipitate fraction as one gets closer to the weld line. In the zone immediately before complete dissolution, precipitate coarsening is observed.
Introduction
During the processing of most age hardening aluminium alloys, non-isothermal precipitation plays a key role. It can be encountered during the early processing of the material, when considering the precipitation of dispersoids during homogenisation [1] or hot rolling. Precipitation during a nonideal quench is an issue when considering thick plate applications [2] . During the heating ramp of multistep heat treatments, dissolution of metastable phases can occur concurrent with precipitation of more stable phases [3] . If the material is joined by welding, the stability of precipitates during a rapid non-isothermal temperature cycle needs to be considered [4] .
Non-isothermal precipitation differs in a number of ways from the classically studied isothermal precipitation reactions:
ț During the temperature treatments, all parameters of the precipitation process, namely diffusion, driving force and nucleation barriers, evolve simultaneously. Thus, precipitates that nucleate at a given time may be destabilised at the next time step, for instance. ț Most precipitation hardening aluminium alloys precipitate through a sequence of several metastable phases. A non-isothermal temperature history may activate the precipitation of several of these phases in a complex manner.
The present study is mainly concerned with the temperature stability of a given precipitate microstructure submitted to a temperature increase. The purpose is to develop a model capable of predicting the behaviour of an initial precipitate microstructure subjected to a wide range of non-isothermal conditions, including complicated cases like the temperature profiles encountered in the heat-affected zones (HAZs) of welds. This will be achieved by combining a detailed quantitative study of precipitation kinetics during various non-isothermal processes, and the development of a precipitation model capable of dealing with continuous temperature changes. For the sake of simplicity and given the practical cases concerned, the study will be limited to cases where nucleation is not of concern.
This study is carried out on a medium-strength 7000 series alloy (AA7108.50) based on the AlZn-Mg system, used in the automotive industry for making high-strength welded structural parts. The strength of this alloy is mainly controlled by precipitation, which occurs through a complex sequence of precipitation involving both metastable phases, like GP zones (with a stability domain of approximately 20-120°C), and the ηЈ phase (~120-250°C), the stable phase of practical concern being the η phase (~150-300°C) of equilibrium composition MgZn 2 [5] .
When submitted to brutal temperature changes as in the heat-affected zone during a welding process, the precipitates which ensure the strength of the material may be destabilised to an extent depending on the local temperature history and the characteristics (nature and size) of the precipitates initially present. The response of phases involved in the Al-Zn-Mg system when submitted to model heat treatments, such as reversion treatments [3, [6] [7] [8] , and continuous heating [9] [10] [11] has already been studied qualitatively in the literature. Under such conditions, the precipitates behave differently depending on their nature; different phenomena, like dissolution, coarsening, phase transformation or nucleation of new particles, may occur, depending on the temperature range and the heating rate. The main results can be summarised as follows:
ț During continuous heating of an existing microstructure, two phenomena can occur. The first is dissolution, which dominates at high heating rates and/or high temperatures. Schematically, the dissolution of phases in typical 7000 series alloys occurs in the range of 50-150°C for GP zones, 200-250°C for ηЈ precipitates, and 300-350°C for η precipitates. At low heating rates and low temperatures, metastable precipitates may be replaced by more stable phases, leading to exothermic peaks in DSC diagrams. ț During reversion (also called up-quench) experiments, the usual behaviour is an initial quick decrease of the precipitate volume fraction, followed by a more progressive increase of both volume fraction and precipitate size. In most cases studied in the literature (notably for the application of retrogression and re-ageing treatments (RRA) [12, 13] ), the initial precipitates are of a metastable nature. The minimum volume fraction is generally associated with the transformation of the metastable precipitates into the stable phase. Before the minimum, the dominant phenomenon is the dissolution of the initial particles; after the minimum, one finds coarsening of the more stable phase.
In order to follow the evolution of the precipitate parameters (i.e. size and volume fraction) during complicated heat treatments quantitatively, we have used small-angle X-ray scattering (SAXS). SAXS is a technique particularly well suited to characterise a precipitate microstructure quantitatively at the nanometre scale. Given the sample size (typically 1 cm 2 × 70 µm, the illuminated volume being 70 × 200 × 200 µm 3 ), X-ray measurements can easily be performed in situ during heat treatments. Thus, this technique has been used widely to follow precipitation kinetics in the past [3, 14] . The development of third generation synchrotron X-ray sources and of high-performance CCD cameras has drastically decreased acquisition times, leading to accurate measurements in a few seconds. In this paper, a variety of non-isothermal heat treatments will be characterised by in situ SAXS measurements: reversion treatments (i.e. isothermal heat treatments performed on an existing precipitate microstructure generated at a lower temperature) and continuous heating (ramp at constant heating rate). In parallel, the microstructure in the heat-affected zone of an arc-weld, where each point experiences a different non-isothermal temperature history, will be characterised by scanning the HAZ with the X-ray beam.
Finally, a key aim of this work was to develop a model able to predict the evolution of a precipitate population under all these non-isothermal conditions. Such a description requires taking into account the complete precipitate size distribution. The approach originally developed by Wagner and Kampmann [15] , based on the discretisation of a precipitate size distribution into size classes, and the description of the behaviour of each class by classical growth/dissolution laws has proven successful and have been applied to various systems: precipitation evolution during welding of Al-MgSi alloys [16] and precipitation of Al 3 Zr in 7050 alloy [1] . We will adapt such a model to the present ternary alloy.
Materials and experimental techniques
The alloy of study is the commercial Al-Zn-Mg alloy 7108.50 (Al-5wt%Zn-0.8wt%Mg-0.16wt%Zr). Two different initial tempers have been investigated: T6 and T7. The T6 and T7 states are the results of two-step ageing performed after solution treatment at 480°C and water quench. For both tempers, the first step consists of a 6-h stage at 100°C. The T6 temper corresponds to the peakaged hardening condition obtained at 140°C (15 h), and the T7 temper is an overaged state obtained at 170°C (6 h).
Several experimental techniques have been used to characterise the precipitate microstructure in these two initial states to serve as solid references in the following investigation. The nature of phases present has been determined by differential scanning calorimetry (DSC) and transmission electron microscopy (TEM) in diffraction mode. TEM in imaging mode has been coupled with image analysis to determine the particle size distributions, which will be useful in subsequent modelling. Samples for TEM were prepared as follows: diamond saw cutting followed by mechanical grinding down to 120 µm, ultrasonic cutting of 3 mm disks, and electropolishing in a 1/3 nitric acid-2/3 methanol solution held at Ϫ20°C, with a voltage of 15 V. Samples were observed with a Jeol 3010 microscope operated at 300 kV.
Small-angle X-ray scattering was used to determine average features of the precipitate microstructure: mean radius of the particles and their volume fraction. All SAXS experiments presented here have been carried out on the D2AM beam line (BM02-CRG) of the European Synchrotron Radiation Facility (ESRF). X-rays were generated by a bending magnet, focused and monochromated to better than dl / l = 2×10
Ϫ4 at a wavelength of 1.492 Å . Acquisition was carried out with a 2D-CCD camera. An accurate sample-to-detector distance was used to investigate precipitates with radius ranging approximately from 0.5 to 10 nm. Data files were corrected for electronic noise, flat field of detector, and background noise. Circular averaging around the transmitted beam was carried out to obtain the intensity scattered at a given angle. The scattered intensity I was finally converted into absolute values using a reference sample and measurement of the intensity of the direct beam through calibrated filters. The precipitate size was evaluated using the Guinier approximation, which provides the gyration radius R g of the particles:
where q is the scattering vector (Å
Ϫ1
). The mean radius of the particle size distribution was subsequently determined by comparison with TEM results. The precipitate size distributions were determined by image analysis of TEM images of the T6 and T7 initial states (as shown in Fig.  1 ), and it was found that the following ratio between mean radius and gyration radius gave a good description of all precipitates:
In the following, all precipitate sizes determined from SAXS experiments are converted into "realspace" mean radius using this relationship. One should note that some possible error may arise from changes in particle shape or size distribution.
The precipitate volume fraction was evaluated using the measured integrated intensity Q 0 :
where ⌬r is the electron density contrast between precipitate and matrix [17] . The determination of this parameter requires knowledge of the precipitate's composition, which is a major challenge for nano-scale particles of metastable nature. In order to overcome this difficulty, the volume fraction of particles was measured independently by TEM measurements, including thickness measurements, giving access for the two initial states T6 and T7 to a Zn / (Mg + Al) ratio of 1.2 inside the precipitates. This ratio is used in the following to calculate the precipitate volume fraction. Complete description of the calibration of radius and volume fraction is beyond the scope of this paper and will be published elsewhere [18] . In situ SAXS experiments have been used to follow precipitation evolution during non-isothermal heat treatments. For such experiments, a furnace has been specially designed to work under the Xray beam. The temperature is measured and controlled by a thermocouple placed in the furnace close to the sample. The high flux of the synchrotron radiation allows minimisation of the acquisition time down to 3 s, enabling a large number of measurements even for fast heating rates or high temperatures, where evolution kinetics are expected to be very rapid.
Two types of heat treatment have been investigated: reversion treatments, characterised by an isothermal holding at the desired temperature subsequent to a fast heating ramp (300 K/min, fastest heating rate attainable with the furnace), and continuous heating at a constant heating rate.
The results of the characterisation of the initial microstructure of the T6 and T7 tempers are summarised in Fig. 1 . The T6 temper is characterised by a particle distribution of fine metastable ηЈ precipitates. The overaged T7 temper is constituted of a mixture of ηЈ and η precipitates larger than the particles observed in the T6 temper with a similar total volume fraction. Fig. 2 (a) displays the evolution of microstructural features (volume fraction and mean particle radius) during a reversion treatment performed at 220°C on a T6 sample. The temperature profile during the treatment is also shown to provide information on the influence of the heating stage.
Response of precipitate microstructure to a non-isothermal temperature history

Reversion treatments
The evolution of the precipitation state can be divided into three stages:
1. fast dissolution with a rapid drop of volume fraction, with no significant change of mean particle radius; 2. a maximum of dissolution characterised by a minimum in volume fraction; 3. a subsequent increase of the volume fraction as well as the mean particle radius (which will be called the coarsening stage).
One should note that most of the dissolution occurs during the heating sequence. Therefore, reversion treatments as carried out in this study cannot be considered isothermal treatments. The temperature dependence of the precipitation evolution during reversion treatments is displayed in Fig. 3 for the T7 temper for temperatures varying between 200 and 300°C. At 300°C, the dissolution of the precipitates is complete and no subsequent reaction is observed. For temperatures lower than 300°C, the dissolution is only partial and the precipitation evolution follows the three stages described for the T6 temper at 220°C. The extent of dissolution increases with temperature, as well as the coarsening kinetics following the minimum in volume fraction.
During the coarsening stage, the volume fraction tends to a saturation level at long ageing times, corresponding to the equilibrium volume fraction (see Fig. 3 (a) and (b)). This can be related to the increase with temperature of the solute content in the matrix in equilibrium with the precipitates. Fig. 4 illustrates the influence of the size and nature of the initial precipitates on the reversion behaviour by comparing T6 and T7 samples heated to the same temperature, here 220°C. It appears that dissolution in the T6 state is more pronounced than that in the T7 state. This is expected, due to the fact that the T6 microstructure is constituted of smaller precipitates, of the metastable ηЈ phase, two factors lowering the temperature stability of the precipitates as compared to the larger η par- ticles contained in the T7 state. However, at long ageing times, both tend to the same microstructural state in terms of volume fraction as well as mean particle radius.
Continuous heating
Continuous heating experiments have been carried out in situ by SAXS measurements using different heating rates ranging from 10 to 300 K/min. Results obtained for the T6 and T7 samples are displayed in Fig. 5 .
The predominant reaction is the dissolution of initially present precipitates characterised by the decrease in volume fraction. Almost all the first half of the dissolution occurs at constant mean radius, as already observed during reversion treatments. Afterwards, the mean radius increases rapidly till complete dissolution. A higher heating rate tends to shift the dissolution curve towards higher temperatures, due to kinetics effects. A shift of 30°C can be observed between 10 and 300 K/min for the two materials. The same effect is observed in precipitate size evolution.
When comparing the two materials, one can observe that dissolution begins earlier for the T6 material than for the T7 state. This is again due to the lower stability of the ηЈ precipitates contained in the T6 material.
An important feature of these experiments is the presence of a temporary interruption in the dissolution path. This volume fraction plateau is observed for low heating rates. As the heating rate increases, the temperature where this plateau occurs increases, and the plateau duration decreases. Finally, for high heating rates (Ͼ50 K/min), the precipitate dissolution is continuous. The comparison between Fig. 5(a) and (b) illustrates the influence of the initial state on this peculiarity of the dissolution behaviour. The T6 initial state shows a well-marked interruption in dissolution, and for low heating rates the volume fraction is even observed to increase with temperature (between 230 and 260°C for the 10 K/min heating ramp). In contrast, the T7 material shows only a small plateau, more like an inflexion point in the dissolution curve.
Discussion: qualitative understanding of non-isothermal precipitation kinetics
Before a quantitative description of the above results is sought through modelling, it is worthwhile to discuss the main experimental results evidenced in Sections 3.1 and 3.2.
The stability of a precipitate of a given size in a solid solution is dictated by the respective values of the equilibrium solute concentration at the precipitate/matrix interface and the average solute content in the matrix. A convenient way of representing this stability is to compare the precipitate radius with the critical radius, which is given in the simplest case of a pure precipitate in a binary system by:
where g is the interfacial energy, v at the atomic volume of the precipitate, T the absolute temperature, X the solute fraction and X eq the equilibrium solute fraction. For a given temperature, the critical radius decreases when the solute content in the matrix increases. Thus, when dissolution takes place, solute is released into solid solution, so a precipitate that is initially unstable may become stable due to the evolution of the critical radius. For a given solute content, the critical radius increases as the temperature increases. If we take for the sake of simplicity X eq = exp(ϪQ / kT), R * diverges for T = ϪE / k ln X. Thus, when the temperature is raised, precipitates which were stable become unstable and dissolve. The combination of these two factors, increase of critical radius due to temperature increase, and decrease due to precipitate dissolution, enables us to have a qualitative understanding of the sequence of events occurring during a reversion experiment:
(i) The initial state, for instance T7, has been obtained by an overageing treatment at 170°C. One can thus assume that at this temperature the critical radius is almost equal to the average radius. (ii) When this initial state is brutally taken to a higher temperature, the critical radius increases suddenly, and precipitates become unstable and begin to dissolve. (iii) The temperature being subsequently constant, the evolution of the critical radius is governed by the solute content. When precipitates dissolve, the matrix solute content increases again, leading to a decrease of the critical radius. When this critical radius becomes lower than the size of some surviving precipitates, they become stable again, and can grow at the expense of the remaining small precipitates. One enters a stage of precipitate coarsening, with the precipitate size and volume fraction increasing together. For the T7 initial state reverted at 220°C, the kinetics of radius evolution from the minimum of volume fraction (t o = 100 s) can be compared to the classical laws of coarsening predicted by the Lifshitz-Slyozov-Wagner (LSW) theory [19, 20] , which predicts a linear behaviour of (RϪ R o ) 3 versus (tϪt o ). This is plotted in Fig. 2(b) . It can be concluded that stage 3 is well represented by LSW theory even in the first stages of size increase where volume fraction is still varying to a large extent.
Besides, as already mentioned by Gueffroy and Löffler [6] in the case of the dissolution of GP zones, the average mean particle size remains relatively constant during the major part of the dissolution stage. The underlying mechanism is not obvious, since it would be expected that smaller particles (less stable due to size effect) dissolve first, whereas bigger ones remain unaffected, leading to an overall increase of average size. We will see that modelling can help us understand this point.
In the literature, the minimum in volume fraction has generally been related to a phase transformation from metastable precipitates to more stable ones, as described in studies on retrogression and re-ageing treatments [12, 13] . As the initial T7 microstructure is constituted mostly of η precipitates, this is not possible here. The above scenario shows that such an explanation is not necessary in order to explain the experimental results.
Concerning the continuous heating experiments, the only intriguing point is the temporary interruption in dissolution. For the T6 initial state, this anomaly of dissolution can be attributed to the ηЈ→η transformation, which is likely to occur in the corresponding temperature range. The transformation to a more stable phase results in an increase of the equilibrium volume fraction at a given temperature. When the heating rate is low, the material stays for a sufficient time at intermediate temperatures to allow the ηЈ→η transformation to occur. However, when the heating rate is too high (Ͼ50 K/min), there is insufficient time for the transformation to occur and the dissolution process dominates. Consequently, the heating rate is the factor controlling the competition between dissolution and phase transformation. In the case of the T7 material, however, the situation is less clear. One possibility is that the observed anomaly is due to the transformation of the residual fraction of ηЈ into η; another is that it is due to a dynamic competition between the average and critical radii, similar to what is observed in the reversion experiments. Again, modelling will be a useful tool to determine the controlling mechanism.
Modelling of non-isothermal precipitation kinetics
In order to predict the evolution of an existing precipitate distribution when submitted to non-isothermal heat treatments in the ternary Al-Zn-Mg system, we have developed a model based on the methodology initially proposed by Wagner and Kampmann [15] . Starting from the particle size distribution of the initial state (determined experimentally), the stability of each size class is estimated at each time step, and thus, precipitates will either grow or shrink depending on their size respective to the critical radius. The particle size distribution and remaining matrix concentration are re-calculated and used for the next time step. The outputs of the models are the particle size distribution, the volume fraction, the mean particle size, the concentration in the matrix, etc.
The two main advantages of this approach are that growth and dissolution can be treated with the same kinetic equation and that coarsening arises naturally, as the interaction between small and coarse particles is considered through the matrix concentration balance. Moreover, this approach allows the model to deal with non-isothermal histories [21] .
Simplifying assumptions
Some simplifying assumptions have been used to limit the complexity of the model:
ț The composition of the precipitates is reduced to the stoichiometric equilibrium composition of the η phase: MgZn 2 . ț The solvus boundary of the η phase in the ternary Al-Zn-Mg system is described by a solubility product [22] . ț The growth/dissolution of the MgZn 2 precipitates is controlled by diffusion to the particle/matrix interface. This is expected to be the best approximation during growth, whereas the interface reaction is expected to be the rate controlling step during the early stages of decomposition (nucleation) [23] . ț Nucleation was not introduced, considering that we were interested in the evolution of a preprecipitated microstructure. During the heat treatments investigated, nucleation is not expected to occur, or when it does occur it is not expected to be significant. ț No phase transformation from the ηЈ to the η phase has been taken into account even if this transformation is expected to be of particular interest, at least in the T6 material.
Growth/dissolution kinetics
The model is based on the classical law [15, 24, 25] governing both dissolution and growth and applied to each size class of the particle distribution:
where r is the radius at time t, X the mean solute fraction in the matrix (at.%), X i (r) the solute concentration at the particle/matrix interface (at.%), X p the solute concentration of the precipitate (at.%) and D the volume diffusion coefficient in the matrix (m 2 s
Ϫ1
). All features are relative to the limiting species regarding diffusion, in our case magnesium [26] . X is obtained by a mass balance between precipitates and matrix, and follows the stoichiometry of the reaction. The equilibrium composition MgZn 2 of the η phase has been considered for the value of X p . The diffusion coefficient is determined by the classical Arrhenius law:
where D 0 is the pre-exponential factor (m 2 s Ϫ1 ) and Q diff is the activation energy barrier (J mol
). X i (r) is the solute fraction at the particle/matrix interface. In the case of a diffusion-controlled process, X i (r) can be approximated by the equilibrium solute fraction of the matrix in the presence of a particle of radius r at the temperature considered. In a binary alloy, the temperature determines this equilibrium concentration, using the classical Gibbs-Thompson equation to consider the radius dependence. Considering a ternary system, the equilibrium diagram is not sufficient to determine X i (r) univocally. Two hypotheses are commonly used: the pseudo-binary assumption [22] and the flux equality equation [27] . This second assumption has been used in the present work, considering the difference of diffusion coefficients between zinc and magnesium in Al-Zn-Mg alloys [26] .
The equilibrium solvus boundary is simply described by a solubility product:
where X o Zn and X o Mg are the equilibrium atomic fractions of zinc and magnesium respectively, R is the universal gas constant, T is the absolute temperature and ⌬S°and ⌬H°are the entropy and enthalpy, respectively, associated with the precipitation/ dissolution of the η phase.
This solvus boundary is accurate for a precipitate of infinite size. When considering a particle of radius r, the stability is reduced by the GibbsThompson effect due to the curvature. When dealing with ternary alloys, the Gibbs-Thompson effect has been generalised to the solubility product, defining a solvus boundary for a precipitate of size r (in other words, for precipitates included in the class of size r):
where K(r) is the solubility product for a particle of radius r, g the particle/matrix interfacial energy (J m
Ϫ2
) and V m is the molar volume of the precipitate MgZn 2 (m 3 mol Ϫ1 ). To take into account the difference in diffusion of the different elements, the equality of interfacial fluxes of zinc and magnesium can be written as [27] :
where D Zn and D Mg are the respective diffusion coefficients for Zn and Mg, X i,Zn (r) and X i,Mg (r) the interfacial solute fraction of Zn and Mg of a particle of radius r and X Zn and X Mg the mean solute fractions of Zn and Mg in the matrix far from the particle. X i (r) (referring to the limiting species, here Mg) is then determined by the intersection of the solubility limit K(r) and the flux equality equation. In practice, in the phase diagram representation, the flux equality equation is a straight line going through the point corresponding to the mean concentration in the matrix, the slope of which is D Zn / 2D Mg . The determination of X i (r) is illustrated in Fig. 6 for a given size class of size r in growth ( Fig. 6(a) ) and dissolution ( Fig. 6(b) ) regimes.
Calibrating the model on reversion treatments
The particle size distribution determined experimentally (see Fig. 1 ) is used as an input of the model as the initial precipitate population.
The above precipitation model has been calibrated on the reversion experiments presented in Section 3.1. Subsequently, we will study its applicability to other types of non-isothermal heat treatments.
The parameters which need to be calibrated in the model are the thermodynamic constants (the solubility product through ⌬S°and ⌬H°), the interfacial energy g of the precipitates and the diffusion coefficients for both zinc and magnesium.
The experimental data obtained from reversion treatments performed in the temperature range of 200-300°C have been used to calibrate the model parameters. The parameter set obtained for both T6 and T7 initial states are as follows: ⌬H°= 75 kJ mol
; g = 0.65 J m Ϫ2 . These parameters are reasonable when compared to literature values [26, [28] [29] [30] . Only the interface energy is somewhat higher than the range of values generally accepted for incoherent precipitates (~0.3-0.4 J m
Ϫ2
) [23] . This discrepancy may arise from the composition assumption of MgZn 2 precipitates which was chosen, whereas the reality is much closer to a Zn/Mg ratio of 1 (cf. Section 2 and [31] ).
The capacity of the model to describe precipitation evolution of the two tempers during reversion treatment is shown in Fig. 7 . The agreement is very satisfying in terms of both volume fraction and particle size evolution. The fact that the model parameters are the same for the two initial microstructures is a priori surprising, since these initial states contain different precipitate phases. It means that the difference in stability observed in the T6 and T7 materials results mainly from size difference, and that the thermodynamic parameters of the two phases ηЈ and η are very similar (phase diagram and interfacial energy).
In order to test the validity of this set of parameters, it is of interest to study the robustness of the dependence of the reversion behaviour on the different parameters. Fig. 8 shows the evolution of volume fraction predicted by the model when each of the parameters is changed. This figure shows that such reversion experiments enable very efficiently calibration of a precipitation model, since the effect of the variation of each parameter is quite different:
ț changing ⌬G°at a given temperature affects both the volume fraction minimum and the final value of the volume fraction at long times; ț changing g affects the volume fraction minimum but not the final value of the volume fraction; ț changing the diffusion coefficient changes only the time axis.
Discussion of the reversion behaviour
With the help of the model, we can now quantitatively evaluate the evolution of particle size distribution during an isothermal reversion treatment. We will base the discussion on an example: prediction for an isothermal treatment at 240°C of the T7 material. The results in terms of volume fraction, mean particle size, critical radius and particle distribution evolution are displayed in Fig. 9 .
The critical radius in the ternary system refers to the size class of velocity zero, i.e. the size class for which X i (r * ) = X (where the interfacial concentrations are given by the flux equality condition). In practice, precipitates with r Ͼ r * are in the growth regime, whereas precipitates with r Ͻ r * are shrinking. Fig. 9 . Modelling of volume fraction evolution and critical and mean radius variations in the particle size distribution during pure isothermal heat treatment of a T7 initial state.
As already proposed in Section 3.3, the minimum in volume fraction observed during reversion treatments (see Fig. 3) is not related to a phase transformation (not included in the model) like ηЈ→η as generally stated [12, 13] but to solute redistribution between the particles and the matrix. Of course, some phase transformation may occur simultaneously and may modify the precipitation evolution, but such a phase transformation is not necessary to explain the re-increase in the volume fraction. This minimum is due to the re-stabilisation of the larger particles present during the heat treatment. The controlling factor for this dissolution/growth competition appears to be the critical radius r * , as already mentioned by Myhr and Grong [16] . Its evolution as a function of ageing time is shown in Fig. 9 , along with mean particle radius (Fig. 9(b) ) and particle distribution (Fig. 9(c)-(f) ).
When the temperature is increased brutally, all particles become unstable (r * is higher than all particle radii) and tend to dissolve, the dissolution rate being higher for small particles than for large ones, as illustrated in Fig. 10 . This gives rise to general dissolution affecting all particles, with small variations of the mean radius due to the fact that large particles dissolve slowly whereas small particles rapidly decrease in size until they disappear totally when their size reaches zero. Then due Fig. 10 . Growth/dissolution velocity dr /dt depending on each size class in the early stages of dissolution during isothermal holding at 240°C.
to the enrichment of the matrix in solute atoms, the critical radius decreases and its value is again included in the remaining distribution. This stabilises larger particles, defining the beginning of the coarsening regime. When the critical radius becomes equal to the mean radius, the majority of the particles are stabilised and growth becomes predominant upon dissolution. At longer ageing times, the critical radius becomes slightly lower than the mean radius and drives coarsening.
Note that a classical model dealing with the evolution of the average radius could not reproduce or explain the dissolution at constant mean radius. Actually, in classical theory, dissolution would automatically involve a decrease of mean size, as the system is considered monodisperse. Fig. 11(a) shows the dependence on temperature of the maximum dissolved volume fraction and the corresponding time. The extent of dissolution as well as the logarithm of the minimum time varies monotonously with ageing temperature following relatively linear behaviour. Whereas the minimum time is controlled by diffusion, the minimum volume fraction is controlled by the remaining solid solution as compared to the equilibrium concentration. In our case, the initial matrix concentration is the same for all reversion treatments and the equilibrium concentration is increasing with temperature ageing, limiting the stability domain of the precipitates (see Fig. 11(b) ).
The influence of the initial heating ramp in experimental reversion treatments is illustrated in Fig. 12 . One can observe that the experimental heating rate of 300 K/min gives very similar results to the pure isothermal heat treatment (with an infinite heating rate) at 240°C. However, on decreasing the heating rate (see 10 K/min), the influence of the heating becomes non-negligible, as the amount of dissolution is reduced by 20% as compared with the pure isothermal treatment.
Application of the model to continuous heating
Using the parameters obtained in the previous section by calibration on reversion experiments, the model has been applied to continuous heating for various heating rates and compared to experi- mental data (see Section 3.2). The results obtained from the simulation for the T7 material submitted to continuous heating are compared with experimental data at 10 and 300 K/min in Fig. 13 .
The agreement between experimental data and simulation is excellent. The model is able to reproduce the heating rate dependence of the dissolution profile by shifting the dissolution curve towards higher temperatures. Moreover, the modelled dissolution profile at the slow heating rate (10 K/min) presents an inflexion point that corresponds exactly to the experimental curve. This inflexion point disappears briefly as the heating rate increases. Since the model does not include any phase transformation of the precipitates, this temporary interruption has to be attributed to a competition between the dissolution and growth of particles.
A useful way of interpreting this point is to represent the variation of the average and critical radii as a function of temperature, as illustrated in Fig. 14 for a slow (10 K/min) and a fast (300 K/min) heating rate during continuous heating of the T7 temper. It can be seen that the r * variation is completely different for the two heating rates. For temperatures higher than 140°C, dissolution becomes the dominant mechanism for both heating rates. However, for the high heating rate, the critical radius remains much higher than the mean radius for all temperatures, whereas at 10 K/min the critical radius becomes fairly equal to the mean radius around 250°C. Therefore, the dissolution path is slowed down, leading to the inflexion point observed.
This difference in behaviour can be readily explained by kinetic effects in the first stages of dissolution. For the slow heating rate, dissolution is larger at a given temperature. This is well known in DSC experiments, where it results in a peak shift. A larger dissolution means a lower critical radius, which enables r * to reach the average radius, leading to a short coarsening stage with stable volume fraction. Eventually, when the temperature becomes too high, the critical radius increases again and dissolution resumes. In contrast, for the high heating rate, dissolution is delayed with temperature. Thus, the critical radius becomes very large, and when the temperature is high enough for the dissolution kinetics to become appreciable, the difference between r * and r is too large to be filled by the increase in solute content, and dissolution never stops before completion.
Modelling of precipitate evolution during welding
Considering the good capacity of the model to describe precipitation evolution under non-isothermal conditions, the model has been applied to the much more complex thermal history involved in arc-welding in the heat-affected zone.
The thermal profiles experienced during arcwelding of the 7108.50 alloy initially in the T6 or T7 states have been calculated using the finite element model Weldsim [32] , which uses the welding parameters and the thermal material properties to predict the thermal cycle experienced at each point of the heat-affected zone. The simulation was calibrated on experimental temperature profiles captured by thermocouples at different points of the heat-affected zone during welding experiments. Fig. 15 displays the results of the simulation at three points of the heat-affected zone.
Detailed results of the characterisation by SAXS and TEM of the precipitate microstructure at the end of the welding process have been published elsewhere [33] . Basically, the heat-affected zone can be divided into three zones: (I) the fully reverted zone where all precipitates have dissolved during the high-temperature stage and where some GP zones can re-precipitate during the low-temperature stage, (II) the transition zone characterised by the partial dissolution of initially present precipitates with some coarsening in the region of highest temperatures, (III) the unaffected material.
The comparison between experimental data and predictions of the model in terms of volume fraction and mean particle size at the end of the welding process is displayed in Fig. 16 for both T6 and T7 tempers. Despite the highly non-isothermal character of the thermal profiles in the heat-affected zone, the model (calibrated on reversion treatments) is able to reproduce, with excellent accuracy, the precipitate microstructure resulting from the arc-welding process. Both the critical distances of the heat-affected zone and the coarsening affecting the mean particle size are reproduced. As the model does not include nucleation of new particles, precipitation of GP zones from the solid solution during the low-temperature stage in region (I) cannot be reproduced.
One interesting outcome of the model is the ability to follow the microstructural evolution during the welding cycle and not only to predict the final state, as is the case for experimental charac- terisation. Fig. 17 shows the evolution of the precipitates during the thermal cycle at two characteristic points of region (II), one where dissolution at constant mean radius occurs and one affected by coarsening. It appears that most of the dissolution occurs in the early high-temperature stage (around the peak temperature), whereas radius evolution occurs mainly during the slower cooling sequence down to temperatures of 200°C. Consequently, dissolution can be considered as a very rapid mechanism, whereas coarsening needs time to take place. 
Conclusions
From this study coupling complementary experimental study of non-isothermal heat treatments and modelling of precipitation evolution, the following conclusions can be drawn:
ț Non-isothermal precipitation kinetics that does not involve precipitate nucleation is controlled by the relative values of the average and critical radii. The variation of the critical radius is in turn controlled by the variation both of temperature and of solute content, leading to a variety of dynamic conditions depending on the temperature path. ț Reversion treatments are shown to follow a sequence of dissolution followed by re-increase in volume fraction for a wide range of temperatures. We have shown that the minimum of volume fraction is not necessarily related to a phase transformation of the precipitates initially present but to the re-stabilisation of surviving precipitates due to increase in solute content, itself due to dissolution. ț The precipitation evolution during continuous heating is mainly controlled by dissolution. At low heating rates, dissolution can be temporarily interrupted at a coarsening stage due to a local decrease of critical radius. When the material is initially constituted of metastable particles (T6 initial state), phase transformation of particles during continuous heating can magnify this effect. ț Dissolution at constant mean radius is a usual behaviour in the early stages of dissolution in the 7108.50 alloy, in both reversion and continuous heating experiments, and can be explained by the evolution of the critical radius with respect to particle size distribution. ț In the comparatively simple case where nucleation of particles does not occur significantly during a non-isothermal history, a simple model, such as the one used here, based on longrange growth/dissolution laws, is capable of quantitatively describing the evolution of precipitate characteristics during very different thermal histories. Notably, the model calibrated on reversion experiments is able to predict the final microstructure at all points of the HAZ of an arc-weld, which each experience their proper non-isothermal cycle. Such a model, coupled with a finite element model for obtaining the local thermal cycles from the welding parameters, promises to be a very efficient optimising tool for welding. ț The best model parameters for the two initial states T6 and T7 (containing, respectively, the ηЈ and η phases) have been found to be identical (nucleation was not considered). It can be concluded that the main difference in the temperature stability of the two microstructures is due to the respective average precipitate size.
